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vhapter 6

Technology of roduction of uomposite Materials

1. vlassification and Basic Stages of Development of Com-
posite materials
Production of fibrous composite materials with metall-

ie dies is accomplished by various technological methods in-

cluding indirect methods /!/: 1) hot drop forging, 2) im-

pregnation by molten metals, 5) electroplating, 4) plasma

plating, 5) plating from vapors, 6) cold pressure forging

and sintering (powder metallurgy), 7) extruding and rolling

(with supplementary annealings), 8) bonding the composite

components by a pulsed energy feed.

D irect methods of producing composites include: 1) di-

rectional eutectoid conversion, 2) eutectic crystallization,

directional growing of dendrites, 3) creation of fibrous

structures by deformation of two-phase systems.

From the economic point of view, the indirect methods

presently appear to be more promising since, in the

process of their realization, there are extensive possibil-

ities for improving the technology of composite materials.

Among the indirect method% most attention is given to the

hot forge pressing method as the "softest" method with

possibilities for e:tensive regulation of the parameters of

the technological process (time, temperature, pressure).

Any method of production of composite materials should ensure

1) production of the re'-uired shape of material, 2) intro-

duction of reinforcing fibers into the die without causing

fracture, 3) absence of technological interaction of the

filer materials and the die, 4) achievement of the required

strength at the fiber-die interface, 5) possibility of

introduction of significant strain hardening fibers which
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cause hardening of the volume fractions and 6) uniformity

of distribution of fibers.

The technological process of producing composite materi-

als 10y indirect technological methods involves the following

basic stages: 1) preparation of components of the composit-
id ion (fibers and die) for bonding, 2) "assembly" of the com-

position, 3) process of bonding the components, 4) final

(finishing) operations -- heat treatment, trimming etc.

* *h~re presently are very few studies which establish

the connection between the technological parameters of the

process, the properties and state of the starting materials

and the properties of the composites produced /I/.

The development of any technology of a composite mater-

ial includes several secuential stages /1/.

1. Determination of the technological interaction of

the tibers and the die/l/.

2. Achievement of geometrically regular distribution

of the fibers in the die.

7. Achievement of a strength of the composition near

to thatdesigned according to the law of mixtures.

4. Reduction of dispersal of properties of the compo-

sition.

5. increase of the sizes of composite materials pro-

duced and achievement of diversity of shapes of articles.
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6. Reduction of cost of production of the material.

Lvaluation of the interaction and "stability" of the

fibers in the cie very likely has the greatest significance

in development of a technology of composites. The only

effective method of control of the technological interaction

of the ribers in the die is control of the mechanical pro-

pertieB of the fibers oefore and after introduction of them

into the die of the composite material. The most diverse

methods klight microscopy, electron microscopy, micro-x-ray

analysis, diffraction of electrons, microhardness) were used

for evaluating the interaction of the fiber and the die but

none of these complex methods provided a clear-cut evaluati-

on of the initial moment of deterioration of the properties

of the fibers during creation of composites.

In order to achieve the designed strength of the com-

posite, it is necessary to ensure adecuate strength at the

fiber -- die interface which ensures transfer of loading to

the fiber.

Fractographic studies of surfaces of fracture and ana-

lysis of fractionation of fibers under tension indicate

the positive effect of a stronger bond; only a strong bond

at the fiber -- die interface guaranteed high elastic

characteristics of the composite material.

However, on the other hand, production of a strong

bond is associated with development of diffusion processes

at the interface which leads to reduction of strength of the

fibers and to reduction of strength of the composition. In

a word, the evident presence of a connection between the

strength of the composition and the strength of the bond at
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the interface of the components has been little studied

experimentally. Specifically, the optimal ratio between
the strength of the bond to shear and to brittle fracture

for each composition still remains unclear. These studies

are still in the initial stage. Even now, many compositions

produced by different methods have reached the third stage

of development (according to the list above) and development

of aluminum -- boron composite material produced by hot

press forging has reached the fourth stage. Studies at the

level of the fifth stage are now being conducted for this

material.

The problem of reduction of cost of composites (sixth

stage) is still a matter for the future.

Table 1 /1/ presents basic composite systems, during

production of which it was possible to maintain high initial

strength of the fibers. Upon examination of table 1, the

first thing to attract our attention is the comparatively

iarge number of composites, the technology of production of

which already has been developed for samples and the small

number of dies (Al, Mg, ri, Ni, w, Ta, Bb, uu) for which

this is the case. The most applicable of dies being rein-

forced is aluminum: reinforcement of aluminum was realized

by practically all technological methods and the largest

number of finished compositions (8) also involves aluminum

and aluminum alloys.

it is presently possible, for some composite materials,

to develop not only a technology of production of samples

but also a technology of production of different intermediate

products and articles.
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Table 2 /1/ presents basic achievements of technologists

in development of composite constructions.

Data from table 2 show that intermediate products and

articles made from composite materials presently do not have

the diversity recuired. This situation, however, is tempor-

ary anO intensified studies will lead to a large increase

in diversity of shapes.

Table 1

Technology of rroduction of vomposite materials /l/.

0. I  T'e'C.ftNOL0i D X'- FIR, CeMOOSZT

T AI-I, Al-  AI--W, \Ig--B,

HoT ORbP FORG N6 Ni-w, Cu -W, C.- Mu,
A B, Al--l,. Al-SiC. Al- B

-At), AI-SiO-., Mg--B,

T i-- TiC, Ti-- Be, Ti -B, Ti-B

3 NPLeMWVR Ni- \V, Ni -Mo, Ti- lA, W

4 PMj%6MA'Vj4P :n:) C0 -a ,\ --n, Al-SiC, Al-B cO._. Al),
StHAP08 "atuh HLGH SPSBOS \'v--\

5 1A-1, A--\V, Ni-fl, NI-W,
Ni--Si(', Ti-13, Ti--Ti(:

6 At-it, Al-SiC, Ni--f, Ni-SiC,

CtjiEMrC.L DEP6ZTzfOIV CII-w, w-w
7 Al-lie, W-B, W-W

8 eXTOS-WV )M RDLVYC2 Al -fl, Ti-Mo, Ti--B, Ni-W,D!R Ecr Nqu rcTScr.. N V-cu,

9 AI-ANi, Cu-Cr, AI-CuA.
CRysT LLZMTUAN Sn-Cu.Sn,. Ta-TaC, Nb-NbsC



11. Indirect methods of rroducing Compositions

hot pressure forging. The hot pressure forging method

has been used for production of composite materials from
aluminum, titanium, magnesiun and nickel dies.

Blanks for subsequent hot pressure forging were pro-

duced most often by winding on a drum with flat surfaces

coated by foil. The fiber is fixed in the prescribed posit-

ion by a bonding agent which is removed in the hot pressure

forging process. In some cases /2/, fibers of the die

material, which separate the riberF of the hardener, are

used to produce strictly regulated distances betwen libers

during winding.

In special cases, reinforcing materials, lain between

foil sheets, may be in the iorm of an ordinary network

containing longitudinal and transverse fibers from harden-

ing material or in tne form of a complex network consisting

of longitudinal reinforcing fibers reinforced by the

transverse fibers from die material.

The blanks procuced are placed in stamps and then

are pressed into composite material: the pressure, time and

temperature of bonding are varied. in order to produce

compositions with precision distribution of the reinforcing

phase, low pressures are used and the temperature and time

of action of the pressure are increased. some data /2/

indicate that, during pressure of the order of one atmo-

sphere, it is possible to produce by hot pressure forging

(diffusion welding) not only intermediate products but also

articles in the form of honeycomb panels. hot pressure

forging may be performed in air, in a vacuum or in an inert

gas medium, depending on the material being used.

6
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Table 2

Kinds of Articles and intermediate Products Produced by

Different Methods of Production of Composite Materials /I/

q O.jiocaiOtga i1*
11,peccoeaHie,

.JBnT ajpeHTCawAO,JqeKrpoocai~ueI1Ee,

rotn'iee npeccouva

Tpy6 U0 1,uyW- u"pecconaHne, Haim-

11OCT11 ii no u6 - .WsIe HS raaouol
paayioim.. Mi((,, upecooaune.

UpOrllITKa

JlicTM Y uJIIImT I,,Fopaqee apecco,.-
Hue, AuuaMqecXoO

upecCOnDAine

7 IIOIICTpyAEOII- 13 .Jhe, 2KCT3py3fl

' Co'rone nallea I ropaqee upeccoga-
HMe (J E$ yalzon-
uaa eaapKa)

9 0 HOiCTpy*MffOu.- 16" ,Ae4opmuponae
we o apnpoaf- apw poBa3H x an-

HMO1e BCT&BKI 0TOB, oayqaeMhlx
rop"Pmm IIpeccoBa-

Key:
1- Kind of material, 2- Diagram of the product, 3 - Methods

of production, 4- single-ply strip, 5- Reinforcement of

tubes along the circumference and along the generatrix,

6- Sheets and plates, 7- Structural shapes, 8- Honeycomb

panels, 9- Reinforced structural mountings, 10- Dynamic

forge pressing, electrodeposition, hot forge pressing,

11- vynamic forge pressing, deposition from the gaseous

phase, bonding, impregnating, l- hot forge pressing, dynam-

ic forging, 17- Casting, extrusion, 14- Hot forge pressing

(diffusion welding), 15- veformation of reinforced sheets

by hot forge pressing.
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The use of single-ply, narrow-strip, semi-finished

products (fig. l,b) for hot forge pressing provides, by

means of alternating the direction of fibers in the layers,

oot only good orientation of unidirectional composites but

also two-dimensionally reinforced material.

IThe method of hot forge pressing of fibers, pre-coated

with die material (see fig. 1,v) was used successfully for

production of composite material in an Al -- SiO 2 system.

The use of this technology requires the use of soft readily

deformable dies for good distribuuion of fibers. The most

laborious of all methods of hot forge pressing is the method

of impregnating a beam of fibers by a powdered die (see

fig,. l,g). After the preparatory operation (priming the

positioned fibers with the powder die) the operation itself

of hot forge pressing (isostatic hot forge pressing or

ordinary pressing in dies) follows.

impregnation by molten metal. tiethods of impregnation

of fibers by molten metals may be extremely diverse : 1)

impregnation of a beam of fibers due to capillary forces,

of forced pressure of the coluMn of molten metal due to

atmospheric pressure; 2) pulling a beam of fibers through

molten metal; ) forced impregnation by molten metal due to

creation of high pressures centrifugal method, casting un-

der pressure).

uNethods of impregnation by molten metal have been used

only in case of the absence of noticeable interaction be-

tween the components of the composition. zvidently, the

first composite material produced by this method was a

vu-W composition.

8



rig. 1. Diagrams of Production of
ribrous Composite i.aterials

a- hot pressure forging, b- hot
pressure forging of single-ply
semifinished products, c- hot
pressure forging of fibers coated
by dies, d- dross casting /1/;
1-foil, 2- fiber, 3- die,

4-single-ply semi-finished

product, 5- dross rrom powder,

6- network
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*xis method has definite promise of development for

reinforcing a metal die by ceramic fibres (A1203 , SiQ and

others) while most of the prospective fibers tespecially

boron and carbon fibers) interact strongly with molten metals

ane thus limit the practical possibilities of this method.

Vf all kinds of promising compositions, only mg -B

composition has been used successfully in an impregnation
*method to produce samples with compressive strength up to

245 kg/mm2 //. However, there is reason to assume that the
impregnation method will be used more widely. The use of

boron fibers with coatings (SiU, zN and Ag) greatly reduce

softening of the reinforcing phase in the impregnation pro-

cess /1/. Figure 2 gives a scnematic presentation of some

varieties of the impregnation method.

The method of drawing fibers through meits ksee fig. 2,a)

has been useful and effective in some cases as, for example,

for compositions of Al -- carbon fibers where, by means of

reducing the time of passing the fibers through the melts by

several seconds, it was possible to incur only slight soften-

ing of the fibers.

While vacuum impregnation of a beam of fibers by molten

metal does not, on the whole, provide, for many metals, good

results (there is incomplete and uneven impregnation) it did

provide, in the case of Mg - B composition, production of

bars of a composition with 75$ by volume of b and with hexa-

gonal tight packing of the fibers /l/. In this version (see

fig. 2,b,c), it was possible to obtain composite materials

with unidirectional fibers in any shape of cross section:

bars, tubes and different kinds of structural shapes (channel

bars, brackets, T-shapes and others).

10
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buch unidirectional shapes have high specific strength

(5"104 m) and specific rigidity ofrj 1260 k.

V

Fig. 2. Diagrams of Production of Uompositions By Merns of

Linuid-phase technologies /l/

a- vacuum impregnation of a beam of fibers, b,c- shaping a

bar of composite material by passing a beam of fibers through

a tath

1- magnet, 2- furnace, 3- melt, 4- graphite

a- vacuum, b- liquid metal, c- fiber

Recently/3/, definite successes have been achieved in

the impregnation under pressure of a felt of thin (O.1-2sk)

whiskers by smelted metals (ERDE-process). Aluminum alloys

were used as a basic impregnating materials and felt from

silicon carbide and silicon nitride whiskers was used as a

strengthener. Within the rather short duration of the pro-

cess (less than 1 second), there was successful production



of a composition from nominally incompatible materials

(whiskers of silicon nitride and aluminum, for example).

The best results are obtained for compositions of an alumi-

num alloy -- 21 by volume of silicon carbide whiskers. De-

tailed data concerning this material have not been reported

but there has been mentioned that, in comparision with a

die, this material had twice the modulus of elasticity and

*! higher strength properties, including a higher failure

strength.

.hlectrolytic deposition. This method of producing com-

posite materials may be used successfully for preparation

of compositions with components which interact at high tem-

peratures. The essence of the method involves electrolytic

deposition of material of the die either on a frame with

stretched fibers or on special mandrels on which the die

iF deposited and the fittings are coiled simultaneously

(fig. 3). This method of producing composite materials was

tested by Bonpano and zeyker /I and is applicable, in prin-

ciple, for any compositions , the die of waich may be de-

posited from an electrolyte and it has the following advan-

tages: 1) the process is conducted at room temperature;
2) the

method permits production of electrolytically deposited

samples of a die with density near to the theoretical densi-

ty; 3) the method ensures good contact between the fiber and

the die; 4) the method may be used to produce articles of any

shape which represents a solid of rotation; 5) it is possible

to control precisely distances between fibers i.e. the

volume fraction of the strain hardening phase.

A fault of the method is the formation of pores during

butt-jointing of layers, rising from adjacent fibers and the

backing. This phenomenon occurs especially during large

12



volume fractions of fibers. The second cause of the formation
of pores is the incompatability of shape of tne surface of

Vi the first layer of fibers coated by the die and the shape

of the strain hardening fibers. We must emphasize that, even

in cases in which the shape of the surface ensures stacking

up of the second layer of fibers without formation of pores,

the nature of the bond between the fiber and the die at the

point of contact differs from the nature of the bond in the

other parts of the circumference of the fiber.

_Z

Fig. 3. Diagram of rroduction of a composite m aterial by

Deposition of Dhe Die on the xiber in an Electroly-

zate /I/

1- fiber, 2- bath with salt solution, 3- cathode-mandrel,

4- anode

--B asic rsultsf technological studies of production of

composite materials oy the method of electrolytic deposit-

ion indicate the following /1/.

1. Strips with one layer of fibers and containing a

minimal number of pores may be produced up to 4, percent by.

volume of the hardening phase.

2. During production of multilaminar compositions, the

number of pores increases and, in order to reduce their num-

ber, it is necessary to overcome serious difficulties in-

cluding the failure to maintain a definite rate of deposit-

ion for each volume fraction.

3. In order to improve the quality of composites pro-

duced by the method of electrolytic depositionit is

necessary to compress them.

13



4. Multi-ply composite materials may be produced from

single-ply strips produced by electrolytic deposition by

means of joining them by hot drop forging.

The method of electrolytic deposition may be used to

produce multi-ply composite materials which possess high

strength: an Al - B composition with 70% B by volume ( 10

layers) displayed a strength of#v140 kg/mmp with a modulus of
2

elasticity of 24,000 kg/mm

Plasma metal spray coating. The plasma metal spray

coating method has been used for Al - B and W - W compesit-

ions. A diagram of the plasma method of producing composite

materials is shown in figure 4.

Metal spray coating is conducted in a chamber containing

an inert atmosphere or with the use of a protective jet of

flame. The bed of the die is preliminarily dusted on a man-

drel and ,then, the mandrel is wound round with reinforcement

iron and another layer of the die is sprayed on the reinforce-

ment fiber. A die produced by the method of plasma metal

spray coating has considerable porosity (up to 15 percent by

volume), a high level of oxides (up to 1.5 percent by weight)

and correspondingly low plasticity in comparison with ordi-

nary material of the die.

Fig.4. Diagram of the
of Plasma method of
Producing Composite
Materials /1/

' , f 1- Chamber housing, 2- Plasma
jet, 3- Mandrel for composites,

4- Feed of water, powder,
power, 5- Observation window,

6- lamp

1~4



It is true that reports concerning possibility of producing

an almost non-porous die by the plasma method have appeared

recently /4/.

In an ordinary case, multi-ply compositions produced by

the plasma metal spray coating method require supplementary

sealing, only after which the die of the composite material

a^b1ieves approximately half the strength of an ordinary die.

*in the process of plasma metal spray coating, the strength

of the reinforcing fibers are, as a rule, reduced. Thus, for

example, the strength of boron fibers was reduced by 20%

during production of an Al - B composite.

Recently, there has been success in the almost complete

avoidance of loss of strength in reinforcing fibers by means

of the use of boron fibers coated by silicon carbide which

is less sensitive to a high level of oxygen in a plasma -

coated die. Although production of composite materials by

the plasma metal spray coating method is more expensive than

other methods, it, at the same time, has one indisputable

advantage in the possibility of direct production of arti-

cles from composites.

uhemical deposition from vapors. This method of pro-

duction of composites is only now being developed. The first

experiments, conducted on an Al - Be system ( decomposition

of aluminum acryls on a heated mandrel containing berillium

wire), showed its advantages (possibility of producing

high compactness of die material and absence, because of the

low temperature, of signiricant interaction between the

fiber and the die) and shortcomings (formation of pores

during production of multi-ply composites because of irregu-

larities of the formed surface).

15



After further studies on optimization of the process, there

is a possibility of producing continuous strips reinforced

by a row of fibers /1/ by the method of chemical deposition

of the die Irom the gaseous phase.

Cold drop forging and sintering (powder metallurgy

method). The use of this method for producing composite

materials has not been uced extensively because of difficult-

ies associated with the uniform distribution of fibers in a

powder die and the prolonged sintering process which leads to

interaction of components of the composition and reduction

of the xtrength of the ibers. This method was used, in most

studies, as preparatory work for subsequent operations by hot

extrusion and rolling.

.xtruding and rolling. These methods of producing com-

posites were used successfully in the creation of some com-

posites: Al - B, Ni - W (extrusion), Al - stainless steel,

Al - W. Ti - W (rolling).

The most complete study of the technology of production

of composites by the extrusion method was conducted by Baski

/5/ who used, for the study of this process, blanks produced

by the powder metallurgy method and consisting of cobalt, a

cobalt alloy, Nichrome 80-20 and stainless steel, reinforced

by tungsten and molybdenum wires. This investigation began

with establishment of the compatability of the alloys and

the fibers, which is of interest, and this was followed by

by preparation of composite materials with continuous and

individual fibers , during which extrusion and hot rolling

were used.

16



It was demonstrated that it is possible to produce bars

of composite materials of uniform cross section with unidi-

rectional fibers from blanks of composite materials produced

by the powder metallurgy method. Reinforcement of nickel

and titanium alloys by refractory fibers enhances their

mechanical properties and, moreover, composite materials

reinforced by continuous fibers displayed superior proper-

ties than materials reinforced by individual fibers.

A variety of the extrusion method of producing composite

materials is tje method of pressure forging of a bundle of

fibers, coatedsa layer of the die/6/. This method is appli-

cable mainly to metal - metal systems while the die is simul-

K taneously a material which protects the fiber from oxidation.

Fibers, coated by the die are e),truded into a ring of the

protective material (fig. 5,a). In case of incompatability of

the fibers and the die kprotective coating on the fiber),

there is applied to the fiber an intermediate layer, the

material of which is compatible with the tiber and with the

die. After extrusion of such blanks, there is formed a com-

posite material with an extremely regular, dense polygonal

structure. In order to coat faces of fibers with a protect-

ive layer, it is recommended that the extrusion blanks in the

ring be separated by a layer of the die (see fig. 5,b).

This method may be used not only to produce cylindrical

composite materials but also to produce more complex shapes

( see fig. 5,c) which approximate the shape of real parts.

This method permits production of materials with the lollow-

ing combinations of fibers and dies:

Fibers - beryllium, molybdenum, tungsten, niobium, ti-

tanium, refractory cobalt alloys.

vies kcoating) - nickel-chrome alloys, alloys based on

17



harnium, aluminum and its alloys. Experiments showed that

the optimal volume fraction of the die isr 25%.

in developing the method of extrusion as a means of

producing composite materials with continuous fibers, Berg-

hezan /7,8/, proposed several methods of production of ex-

trusion blanks which ensure uniform distribution of fibers

in the die kfig. 6). In fig. 6,a, the blank under compress-

ion consists of a set of coaxial cylinders in the gaps between

whicu are inserted alternating fibers of the materials of

the die and the reinforcer. Figure 6, b - g, presents three

different methods of forming cylindrical blanks under ex-

trusion. The use of thin foils of die material permitted

procurement of significant percentages of a hardening phase

with almost ideal disposition of fibers. We must emphasize

that blanks produced by this method (see fig. 6,g) but with-

out coiling may be used as an ordinary method of compress-

ion. The extrusion method is comparatively inexpensive in

comparison with other methods of production of fibrous com-

posite materials and does not require powerful presses. Ber-

ghezan used this method to produce compositions based on or-

dinary stainless steels, alloys of Khastela X and Ni - Al,

reinforcing them with tungsten and molydenum wires. The

maximal volume fraction of the reinforcing fibers reached

50%.

vuring production of compositions by rolling, there is

usually used transverse rolling (across the fiber) which

does not damage the relatively brittle reinforcing fibers

and, as reinforcement, networks with transverse fibers

from die material are used.

In producing composite materials, we also use extrus-

ion and rolling as finishing and dressing operations.

18
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Aigure 5. uiagram of Production of Composite Material by

Means of Extrusion of Fibers, Coated by Dies

a- Diagram of extrusion and structure of material

produced; b- structure of extruded shape; c- dia-

gram of assembly of extruded blanks, which permits

coating of the face of the fibers by die material

/5/.
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of the die (white) and fibers of the strengthener
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High-speed methods of bonding components of composit-

ions. In some studies of production of composite materials,
percussion was used for bonding components of compositions.

At Battelle institute /1/, some composites, including Ti -

SiC system, were produced by use of a pneumatic percussion

machine which produces pressure pulses of up to "280 kg/mm .

As a rule, the pulsed pressure was applied to mixtures of pow-

ders of the die and fibers enclosed in a shell and heated to

high temperatures. zor some compositions, including Ti -siC

systems, optimal conditions (temperature, pressure, time)

were found for the least damage to the fibers. For this sys-

tem, the temperature of pulsed casting is 11000C (in compari-

son to 900°C for hot forge pressing of an analogous composition).

Great promise is shown in the use of the energy of an

explosion for producing the most diverse compositions, in-

cluding some based on aluminum. Selection of technological

parameters for this method of producing composites is labor-

ious but the advantages are extremely attractive: 1) there

is a possibility of producing large sheets and other articles;

2) there is almost complete absence of technological inter-

action anO reduction of strength of the fibers.

A shortcoming of the method is the almost total imposs-

ibility of using it for brittle fibers which possess great

toughness.

111. DIRECT METHOD6 OF PRODUCING COMPOSITES

The inairect methods of producing ficrous materials ex-

amined atove are used to produce artificial composite mater-

ials. There are also direct methods of producing fibrous

structures by natural means vhich methods involve either a

directional deposition of the second phase or the imparting24I



of the fibrous shape by deformation of the second phase.

These methods of producing fibrous materials are based, to

some extent, on the iong established webb and Fordzheng /9/

experiments which demonstrated that acicular depositions of

the second phase in alloys have hign strength comparable

to that of high-strength filamentary crystals.

An advantage of direct methods is the combination, in

one operation, of the production of fibers and the preparat-

ion of compositions. Their shortcomings include the limited

volume fraction of the strain hardening phase and its de-

pendence on the chemical composition of the alloy, the low

productivity of the methods, difficulties associated with the

proper geometry of the fiber, we will examine methods of

producing fibrous compositionF by direct methods in more

detail.

1. The fiber in the alloy may be formed in the solid

state by eutectoid conversion and disintegration of super-
saturated solid solutions. Precipitations of the second

phase in the form of npicules were observed repeatedly in

Al - Mg -6i and Al - Mg - Qu systems /5/. However, the

volume of the precipitation phase was small (" 55); the

spicules were arranged in three different directions which

was ineffective in increasing the strength. There still are

no suitable systems for producing significant strengthening

in them due to precipitation of fibers of the second phase.

In steels and other alloys with eutectoid transformation,

it is possible to produce two-phase structures with marten-

site fibers. One of the means of producing such a structure

is the method of partial quench-hardening. hypoeutectoid

steel is rolled at a temperature above Ac3 and a fibrous

structure of austenite in ferrite is produced. After auench

hardening of the materia, its ptructure consists of ferrite
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and austenite in the form of fiber,. Kerans /5/ conducted

similar processing of carbon steel with 0.2* C and increased
2the strength from 4 2.8 to 105 kg/mm

2..Fibrous structures from a melt may be produced by

regulating the process of solidification by two methods:

directional crystallization of the eutectic and directional

growth of the dendrites. urystallization of the eutectic

during directional heat removal leads to formation of direct-

ional fibrous stuures /10/. irectionaiity of crystallizat-

ion may be realized, for example, by sl~w withdrawal of the

crucible with the heated metal from the heated zone of the

furnace or by means of zone refining. The possibility of

producing directional structures by the eutectic crystalli-

zation method was studied mainly for Al - vi, Al - UU, Al-

Ur, mii - b, Ni -Be, Nb - C and Ta - C alloys /11/. In some

cases it was possible, by means of directional crystallization

to achieve a 3-fold increase of strength of the cast material.

Thus, an ordinary eutectic of Al - Al,,has, in the cast state,

-t 9 kg/mm 2, 6,,)5% and that with a fibrous structure 6b-

30 -L 40. kg/mm 2 and 6-2% /'lP/.

.oig. '.Seouence of changes of
etr ufbofntrans-

formed during deformat-
ion in a fibrous com-
posite material /7/



basic difficulty in production of fibrous struct-

ures by the method of directional growing of crystals in-
volves the fact that, after primary crystallization, the

forming dendrite had only one branch. An advantage of this
method is the possibility of increasing the volume fraction

of the hardening phase. This method of producing a fibrous

structure was studied by Davis /1/, who produced a struc-

ture composed of spicules of uu5Sn6 compounds in a copper

die. He showed that compositions with Uu5Sn6 spicules have

considerable strength which may be increased by heat treat-

ment.

3. The method of producing fibrous compounds by defor-

mation is of great interest. Aealization of this method re-

cuires the presence in the alloy of two phases, one of which

has great surength at room temperature and nigher tempera-

tures. by selecting conditions of deformation, inclusion of

a strong second phase may be prolonged. eetty /5/,using

deformation of aluminum alloys containing intermetallic com-

pounds at temperatures above 0.6-0.7 Tmelting of the alloy,

demonsviarted that particles of intermetailic compounds are

elongated and acquire directionality. Analogous behavior of

particles of the second phase during deformation was observ-

ed by Jones /5/ in Cu - Qd, Cu - P systems which contain

Cu ud and Uu 3P phases. however, these studies also indicated

a definite inclination of the elongated particles to spheroid-

ization in case of holding the processed material at a high

temperature.

Bergkhenzan /7/, deforming a rolled two-phase structure

(tungsten spheroids in a die from an Ni - ur - W alloy),

showed that such a method may be used to produce a fibrous

composite material with a high volume fraction of the
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hardening phase. Different phases of deformation of this

composition are shown in fig. 7.

T he principle of formation of the fibrous hardening

phase directly in the die ( in situ) during production of

composite material has extensive potential possibilities: in
favorable cases ( a combination of phases with sharply con-

trasting moduli of elasticity) it may be used to achieve very

great reinforcement. In Perghensan's experiments, deformation

of tungsten shperoids in a plastic die was accomplished by

rolling at room temperature. Tungstens which are brittle un-

der these conditions are readily pulled into a fiber. A plas-

tic high-chromium die reliably protected the tungsten fibers

forming during deformation from oxidation at high tempera-

tures. The strength of these compositions at 87200 reached

45 kg/mm 2(at this temperature, the die strength was 5 - 6

kg/mm ).

Kvatints and Uitonin a paper "A Study of Tungsten Alm

loys Qontaining Fibrous and Reacting Additives", presented at

a conference on powder metallurgy at New York, 7 - i July
1965, showed the effectiveness of hardening tungsten by pro-

ducing fibrous inclusions of second phases.

The method of producing fibrous composites involves in-

troduction) by the powder metallurgy method, into the tung-

stens of oxides (ZrU2 , Hf02, Th02 ), borides, nitrides and car-

bides of hafnium and tantalum carbide. Then the oxides and

chemical compounds were pulled along the axis of the bar in

the process of extrusion at high temperatures (2000 - 2500°)

and their volume fraction in the die reached 5 - 26%. in the

extrusion process, the oxides and compounds were pulled at a

ratio of length to diameter equal to 13 - P3. Oxides were
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pulled most readily. Tests of the prolonged strength of

tungsten hardened by this method at 1650%u and 5.6 kg/mm
2

stress showed that, after extrusion, the service time of

tungsten increased P5 - 50 times, especially in case of the

use of refractory compounds.

Qonsidering the overall problem of the technology of

production of composite materials, we must emphasize that it

is, basically, still in the state of development; there are,

with few exceptions, no basic studies in a detailed investi-

gation of the effect of technological factors on properties

of materials produced.

Researchers working in the area of production of com-

posite materials must develop materials which are 1) stable,

2) competitive in price with ordinary materials, 3) diverse

in shape.

bolution of these problems reauires a detailed and care-

ful study of the technology i.e. establishment of the depen-

dence between technological factors, properties of components

of the composition and properties of the composite material.

unly the establishmenttof detailed dependences will permit

an approach to development of scientific bases of a technol-

ogy of composite materials.

It is an optimal scientific technological itself which

will permit the development of composite materials and pro-

duction of materials with stable properties required by

the needs of tecnnology.
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Chapter 7.

IfiTERACOIUN BETWEEN COM0N.-NXS UF COMLOSITE MIATaRIALS

1. introduction

bince, in most cases, composite fibrous material is a

thermodynamicaLly non-equilibrium system, interaction between

componentsof the composition becomes unavoidable both during

production of the composite material and during its service

in constructions. Proper selection of components of compo-

sitions requires careful study of the chemical compatibility

of materials of the die and of the fiber. In one of their

studies, Bates, Vald and veynshteyn /l/introdueed two new

terms (thermodynamic compatibility and kinetic compatibility)

to clarify the concept "chemical compatibility". Thermodynam-

ic compatibility is a state of stable thermodynamic equili-

brium between material of the die and that of the fiber.

Kinetic compatibility is the state of metastable ecuilibrium

determined by different kinetic factorsa the rate of diffus-

ion, the rate of dissolution, the rate of growth of new

phases of interaction etc.

Thermodynamic compatibility of components is considered

in phase equilibrium diagrams which play an expecially im-

portant role in the production of heat-resistant composite

materials. Although , diagrams are not of decisive im-

portance for thermodynamically unstable systems. they do

indicate the type of reactions ed their directionality.

This interaction along the interface of components of

the composition is, on one hand, necessary, since it is the

very thing that ensures the required force of bond necessary

for transmitting the loading from the die to the fibers and

the high strength and elastic properties of the composition;
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while, on the other hand, excessive interaction along the

interface leads to formation of defective layers and to de-

terioration of properties of the composition. Evidently,

problems of compatibility of the die and fibers are of de-

cisive importance in the development of practical composit-

ions. In the overall view,interaction of components may

lead to a change of properties of the composition: l)inter-

action changes the hardening properties of fibers; 2) it

leads to a change of properties of the die; 3) the value of

the strength of bond between components of the composition

changes.

Although the reactions along the interface may, in

principle, improve the strength properties of the composit-
ion through strain hardening of the die and the fiber

(alloying, dissolution of the surface defects) and by means

of increasing the strength of the bond between components,
developers of composite materials most frecuently encounter
a deterioration of properties of the material as a result of

interaction.

This deterioration of properties of composite materials

most frequently is associated with softening of the fibers

because of their partial recrystallization, then to em-

brittlement of the fiber and the die, disintegration of the

interface of the composition, the rise of defective reaction

zones which serves as a source of disintegration.

±f, during creation of metal - metal compositionsthere

is usually a struggle against the interaction of components,

then, during creation of metal - ceramics compositions, it is

sometimes necessary to strive for ensurance of interaction

between the components of the composition. Considering this

29



very circumstance, it is necessary to consider metal - metal
systems and metal - ceramics systems and also metal - non-
metallic fibers (glass, boron, graphite) differently from

the point of view of interaction.

11. tetal - metal Compositions

z xamination of the interaction of components in compo-

site fibrous metal -__etal material should be based upon the

correspondingCI iOdiagram. However, during theoretical an-

alysis of intera.tion, it is necessary to consider (in additi-

on to the diagram) the specific properties of the flowreactions
of surfaceAin the composite material (structure of the fiber

and the die, conditions of heat transfer during formation of

compositions, structure of the interface and, during solid-

phase interactions, deformation of the die by tne fiber etc).

The intera9tion of components in a copper - tungsten sys-

tem if; most completely and systematicaily studied at present.

Lhis composition, produced by the method of vacuum impregnat-

ion with the use of a pure copper die, did not reveal apprec-

iable interaction oetween the components. Alloying the copp-

er die of this composition with different active elements per-

mitted investigation of the effect of alloying on the mechani-

cal properties of these compositions. A similar approach to

the study of interaction k a comparison of the structure and

mechanical properties of compositions with identical fibers

but with dies which differ in form and degree of alloyability)

is extremely promising for the study of other compositions,

the dies of which are usually complex alloys. Petrasek and

Witon /2/ alloyed copper in a copper - tungsten wire compo-

sition with aluminum, cobalt, chromium, niobium, nickel, ti-

tanium and zirconium (table 1).
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we studied the structures of the die, fibers, transit-

.on layers and mechanical properties (see fig. 1) for com-

positions produced with different volumetric levels of fib-

ers.

These studies indicated that:

l)alloying did not, in any case, lead to an increase of
strength of the composition;

P) reduction of strength was either significant or in-
significant, depending on the shape of the die;

3) differences in strength properties of the composit-

ions are associated with changes of microstructure along the
surface of the fiber - die interface.

In the compositions studied, there occurred three re-

actions on the interfaces: 1) diffusion penetration of the

alloying element into the fibers and recrystallization of

the grains at the periphery of the tungsten fibers; 2)for-

mation of a two-phase zone on the periphery of the fiber;

3) formation in the fiber of a zone of the solid solution.

A recrystallization zone in the fiber was observed af-

ter alloying the copper die with aluminum, cobalt and 10

percent by weight Ni. The cobalt quantity ( 1 percent by

weight), which causes recrystallization in tungsten fiber

was much lower than the nickel cuantity (5 percent by

weight). Aluminum was most intensely diffused in tungsten.

The depth of diffusion penetration of alloying elements in

the fiber increased with the increase of their level in the

die. In alloys with a recrystallized zone, reduction of

strength from the interaction along the interface was most

intense.
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Table 1.

Mqechanical Properties at Room Temperature of Alloyed Copper,

Reinforced by Tungsten Fiber /2/
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1- Alloyingf elements in a copper die, 2- maximal solubility

of the alloying element in tungsten, %, 3- level of alloying

element, 4- * by weight, 5- atomic percent, 6- sample number,

?- fiber content, * by volume, 8- breaking point during

stretching, kg/mm2 t 9- relative contraction, %, 10- nature of

failure, 11- nure copper, 1i*- nickel, l3-cobalt, 14 All 15 Tiq

16- Lq 17 Cr,18- i0-ris not dissolved, -.)0- complete

solubility* ^1- ibid, PP- viscoust 23- brittle, P4- semirfl-
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A two-phase zone was observed during alloying of copper

by titanium and zirconium. The presence of intermetallic

compounds in the two-phase zone and the damage to fibers

noticeably reduced the strength of the composition. with

a high level of alloying additives ( 255t Ti and 33* 2Er),there

was a great reduction of plasticity of the die and, in these
cases, the reduction of strength of the composition was ex-

plained not by interaction but by embrittlement of 
the die,
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k'ig. 1. Change of btrength of a Uopper - TunFsten Wire Lom-

position in Dependence on the volume Fraction of the hire

I- copper die, 2- 6 b after elongetion, kg/mm , 3- fiber

content, percent by volume.

-- bX -oe -oT 'olid solution arose after alloying the die

with chromium and niobium. secrystallization zones did not

arise in this case. Reduction of tensile strength of the

compositions was insignificant.
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Thus, of all of the enumerated elements which are sol-

uble in the die, aluminum cobalt and nickel, which cause

recrystallization of the tungsten wire, promote the greatest

reduction of strength of the composition. The harmful effect

of these elements is associated with their relatively small

atomic radii, which facilitate their diffusion in tungstens.

These studies confirm that, at least for this composition, the

solubility of the alloying elements in tungsten has a greater

effect upon the strength of the composition than does the

-solubility of the fibers in the die.

Reduction of the strength of the composition in case of

the emergence in the fiber of a recrystallized zone may be

explained by two causes: 1) reduction of the high-strength

section of the fiber; 2j embrittlement of the recrystallized

zone which, during elongation, fails first and acts as~singu-

lar notch which leads to a more intensive drop in the strength

of the fibers.

Reduction of strength because of interaction along the

interfaces was observed during alloying of complex heat-

resistant alloys (Rene 41, cobalt, cobalt alloy L-605, Ni-

chrome) by wire from tungsten and molybdenum: not one of the

compositions surpassed the strength of the unalloyed die at

room temperature. Baski /3/ attributed the deterioration of

properties of the materials created to the formation,along

the interface of components of the composition, of brittle

layers which reduce the strength of the fibers. It must be

emphasized that, while tests at room temperature indicated

significant reduction of strength of the composition as a

result of interaction along the interface, high-temperature

tests even revealed an improvement of properties of the com-

position.
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An aluminum - steel wire composite system has been less

systemically studied than the Cu - W system from the point of

view of interaction at the interface. This circumstance, in

particular, is explained by the fact that problems of inter-

action between aluminum and steel were investigated repeated-

ly in the pre-composite era and developers of composite mater-

ials, at first, used results of studies of interactions which

* occur in bimetals, during welding of heterogeneous materials

and in the process of alitization - Interaction between iron

and aluminum, occurring after immersion of the iron into

molten aluminum /4/ ( the so-called liquid-phase reaction)

has been studied in greatest detail. It is well known that

an aluminum coating, produced by immersion of steel compon-

ents in molten aluminum, consists, basically, of three lay-

ere: 1) the outer layer, the composition of which approxi-

mates the composition of the aluminum bath; 2) the inter-

mediate layer consisting of a combination of iron and alumin-

um; 3) 7ones of solid solution of aluminum and iron.

The behavior of aluminum coatings under the effect of

mechanial loadings depended, to a great extent, on the thick-

ness and structure of the intermediate layer. [Fany studies

have been devoted to the growth and 2tructure of this connect-

ive layer which is formed within a few seconds after contact

with the molten aluminum. The older studies /5,6/ confirm

the fact that the intermediate layer between the steel and

aluminum consists of FeA17 compounds or of a mixture of

Fe2 Al5 and re 2Al7 compounds. The most recent roentgenographic

studies of' the intermediate layer indicated that the brittle

intermeaiate layer consists of FeA15 compounds. This con-

nective layer is separated from the iron by a thin layer,

the nature of which is still not understood completely. On

the baris of several studies /7/, we may assume that this
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layer consists of a solid solution of aluminum in alpha-iron.

As indicated above, the intermediate layer exerts a direct

effect on the behavior of such composite material during

deformation. In view of the high brittleness of this layer

during deformation, it is always necessary to consider the

possibility of the spread of cracks to the entire aluminum

layer. In order to avoid failure of the coating, it is

attempted to make the intermemiate layer as Lhin as possible.

There is the opinion that, at a thickness less than 5-7 mk,

* the intermEdiate layer does not affect the strength of the

alitized material. In order to regulate the tnickness of

the intermediate layer, the following measures were proposed

kthese measures are used for iibrous aluminum - steel compo-

sitions) : 1) regulation of the temperature of the bath and

of the time of interaction between the steel and the Linuid

aluminum; 2) alloying tae aiuminum with additives which re-

duce the rate of growth of the intermediate layer; 3) a pre-

ventive coating of the steel surface with metals or compounds

which prevent interaction between the steel and the aluminum.

The dependence of the growth /8/ of the intermediate

layer from Fe2AI5 on the time at a constant temperature

follows a parabolic law which means that the increase of

thickness of the connective layer proceeds very quickly at

first, but, after prolonged interaction, it slows somewhat.

The dependence of the thickness of the intermediate layer on

the temperature follows a logarithmic curve. A knowledge of

Adependences permits the regulation of the thickness of the

intermediate layer by changing the time and temperature of

the interaction reaction.

Of the many studied alloying additives which reduce the

growth rate of the intermediate layer, the most favorable for
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this purpose was found to be silicon, which is added to the

fusion in a quantity of the order of 12 percent by weight.

It was established that the introduction into the fusion

of even 2% of silicon greatly reduces the thickness of the
layer of interaction. An addition to the aluminum melt of

4 - 12% of Mg2 bi is also recommended for reducing the inter-

action. In order to reduce interaction between steel and

molten aluminum, a preliminary coating of the steel surface

with chromium, the solubility of which in aluminum does not

eXceed 8* at 7000C, was used.

Luch research /7/ has involved the study of the effect

of different alloying elements after their introduction into

steel on the growth of the intermediate layer. These studies
indicated that carbon contained in the steel prevents the

growth of the intermediate layer. If the carbon is in the

cementite form, there is formed a zone enriched by cementite

preceding the reaction surface. The growth of the inter-

mediate layer is slowed after alloying of the steel by chro-

mium, copper, nickel, molybdenum and silicon. It has also

been established that an increase of the oxygen level in the

steel impedes the growth of the intermediate layer. Princi-

ples of growth of the intermediate layer estatlished by re-

searchers, with certain corrections, may be used during de-

velopment of aluminum - steel cvmpositions, especially when

a layer of the die is preliminarily deposited on the rein-

forcement. oeveral scientists /10,11/ also have studied

the interaction of aluminum and iron in the solid state

kthe solid-phase reaction). The most systematic study was

conducted by Newman and vitrich /12/ who stuCied the inter-

action during compression in a furnace of samples of pure

iron and aluminum. The research showed that the reaction

between xe and Al appears only at 590 - EOO° C.
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In this case, acicular crystals of the ife21l5 (*f-phase)

interaction phase are formed on the interface. After pro-

longed interaction, a zone of solid solution of aluminum in

iron arose. The interaction reaction begins sfter a certain

incubation period and ensues, at first, with increasing

speed but it becomes completely extinguished after several

hours.

The introduction of special markers permitted observat-

ion of the shift of the interface of components: the initial

boundary between Fe and Ai at the time of the experiment co-

incides with the boundary between Al and re2Al5. This cir-

cumstance indicates that the growth of the intermediate layer

proceeds because of the diffusion of aluminum atoms through

the f-phase and the iron atoms do not participate in diffus-

ion. During such unilateral flow, there accumulates, in the

boundary layer, a porosity which leads to disruption of the

contact between the aluminum and the h-phase and to a slowing

of the growth of the layer of the intermetallic compound. Af-

ter preliminary plastic deformation of the interacting com-

ponents, the interaction reaction begins even at 5600C.

During very severe strain k95* reduction) the interaction

temperature was reduced to 4O00C.

Aegularities of growth of the layer of the intermetallic

compound, found during studies of the interaction of pure

iron and aluminum, was confirmec, in general, during studies

of solid phase interaction of alloyed steels with alloys of

aluminum /13,14/. Thus, for example, studies of the effect

of repeated heating on tne structure of tte transition zone

in Ehl8NlOT - ADI - AMG6 bimetal revealed the same regulari-

ties /15/ of growth as in the case of pure metals.
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1. Up to 4500C, no visible changes of the microstructure

of the transition zone were observed.

2. After heating the bi-metal above 500 °, there occurs

I a chemical reaction with formation of an intermetallic com-

pound phase.

I. A roentgenostructural study showed that the Fe 2Al5

phase arises first and grows quickly.

4. At 5500C, conditions are created for the growth of

the x'eAl7 type phase.

5. Licroroentgenospectral analysis permitted establish;

ment of the fact that , ir the formation of the intermetallic

compound phases, there is active participation of the basic

components of the steel - chromium, nickel and titanium, form-

ing intermetallic compounds (]e1.5 UrO.5 Nio.2 ) A1 5 and

(Fe0.7, CrO.2, i 0 1o) Al 3.

6. The regularities of growth of thickness of the inter-

metallic compound layer are found and, for the initial stage

of growth, are expressed by the formula %X K" a r
where k and 0 are constants, T is the time, X is the thick-

ness of the layer; Q, P, T are constants in the Arrhenius

ecuation. with an increase of the time of passage of the re-

action, the rate of growth of the layer of the intermetallic

compound is slowed which is associated with the formation of

diffusion porosity.

The external pressure in the roasting process inhibits

the effect of reactive diffusion whl6h weakens the bond be-

tween the layers of bi-metal. The repularities of formation

of the solid-phase compound may be considered from 
the
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position of the general theory of topochemical solid- phase

reactions /16/. in this case4 the bonding of the mater4 als

involves a process consisting of three sequential stages:

1) formation of physical contact (convergence of the atoms

of the bonded metals) basically due to deformation (creep) of

the softer metal ( for example, an aluminum die) after the

pre~sing: into it of the reinforcing component; P) activation

and chemical interaction of atoms in the course of which is

formed between them a metallic bond; the duration of this

stage is limited by the rate of deformation (creep) in the

presence of3urface layers of a more solid material (the re-

inforcement) since it determines the frequency of outcrop

of defects (dislocations and vacancies) in the zone of inter-

action and the formation of active centers; 3) heterodiffus-

ion, leading to the formation and growth of intermetallic com-

pound phases in the zone of the bond of the fiber and the die.

Thus, the boneing of heterogeneous metals proceeds in the

process of creep of both metals. The required rate of creep

in the zone of contact for given materials is determined

basically by three parameters : temperature, time and press-

ure. The theory stated above permits calculation of optimal

rerimes of bondinf different m terials with a controlled val-

ue of interaction.

111. PLETAL - METAL COMPOSITES, im'ETAL - CARBON FIBERS COM-

eOSITES AND OTHERS

Many ceramics are poorly soaked by metals which leads to

weak bonding between components of compositions and as a con-

secuence of this to vea]Pness of the latter. unly the format-

ion of a strong chemical bond between the die and fiber may

ensure the designed strenrth of the composition. At present,

much remains unclear about the nature of the rise of the
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* chemical bond between the metal and the ceramics although

there are data that chemical reactions between the fiber

and the die are possible in the presence of oxygen and act-
ive alloying admixtures /17/ at least in oxide ceramics. in

this case, a transition layer, firmly bonded with the fiber

and the die, may be formed. It has been shoin thateven in

the presence of an insignificant quantity of oxygen in the

AI203 - Fe composition, the reaction AI203 + Fe + 02

FeA1O4 (spinel) goes thanks to diffusion of oxygen by the in-

terface. in NiCr - Al203 vapors at 14000C there arises un-

stable ur0 suboxides and, finally, Ur203 . Later, at 14500C,

the reaction goes up to the formation of rubidium which en-

sures a good bond of i and ur with AIPO3.

One study /18/ presents an examination of the process of

formation of a firm bond by welding in the solid state, trans-

mitted to the metal - ceramics interface. The process is di-

vided into two stages: the stage, in the course of which,

mainly by means of -reep of the metal, is formed the physical

contact of the surfaces of the metal and the ceramics and the

stage of chemical interaction which ensures the formation of

a strong bond.

The strength of the bond in a ceramics - metal composite

may be ensured by the presence of the chemical reaction

Me* M e __.p' Az "0-f Me"
which may be expressed thermodynamically in the form

A z64-g~' -A Z m

If tAZ> 0, interaction is impossible; if AZ°< 0 there

is interaction. Analysis of thermodynamic potentials of ox-

ides of metals and alsc of the lamination series of oxides

most frequently encountered in ceramics led to the creation
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of a scheme of appropiate selection of ceramics - metal pairs

from the point of view of their thermodynamic interaction.

This scheme may be expressed as follows:

Cr0

Sic2  +(Zr,Al,Ti,V,Ta,Nb,w,CoNi)

We must emphasize that this scheme of interaction is

applicable in case of conducting the interaction process in

the solid state under conditions of a deep vacuum or reduc-

ing atmosphere. For metals which do not have any natural ox-

ides, creation of an adequate bond requires additional chemi-

cal of mechanical activation.

Von-oxide ceramics, as a rule, react actively with me-

-i 4 tals and, in this case there is practically no problem in

creating a bond. The interaction of different ceramics with

refractory metals is seen clearly in table 2.

interaction of ceramics with metals were studied in

greatest detail during development of metal compositions,

reinforced by ceramic whiskers. Results of analysis of the

thermodynamics of reactions proceeding between Al203 and

different metals are presented in fig. 2 /20/. A change of

free energy with temperature indicates, in the case of solid

phase reactions, the possibility of the proceeding of react-

ions and their directionality. The thermodynamic approach to

the evaluation of interaction must not be overestimated since

this analysis does nottake into account the kinetics of the

passage of the reactions which also may be of decisive sig-

nificance in some cases of interaction of components. In

addition to this, in order for thermodynamic analysis to

give correct results, it is necessary to describe the inter-

action reaction properly. Errors in description of react-

ions greatly distort results of the thermodynamic approach
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to problems of compatibility of components. According to the

material above, experimental study of interaction reactions

plays a basic role. Amstrong /21/ studied interaction re-

actions on the interface between alpha-Alu, single crystals

and different nickel alloys. The change of interphase energy

after alloying nickel with titanium and chromium was studied

on a special vacuum apparatus by the sessile drop method. it

was established that the strength of oonding between the sap-

phire backing and the metal drop depends on the interaction

of atoms of the excess active elements,which are concentrated

long the metal - ceramic interface, with aluminum oxide. An

indication of interaction was the reduction of the angle of

wetting of the sessile drop.

X-ray diffraction analysis revealed, for the nickel and

tantalum alloy, the presence of titanium oxide at the ceramic-

metal interface. X-ray methods did not reveal any signs of

interaction for a nickel - chromium ailoy.

batton /2/, in an application to nickel - aluminum oxide

compositions, also systematically studied the effect of addit-

ions of chromium, titanium, zirconium, copper, indium to nic-

kel on the wettability, interaction and resistance to shear-

ing along the interface in a nickel - aluminum oxide system.

After alloying nickel with titanium and zirconium, there were

obvious signs of interaction of the drop of the binary alloy

of nickel and the aluminum oxide backing. Satton and Fayn-

gold /2/ later proposed a scheme of formation of the bond be-

tween sapphire (alpha--Al 203 ) and nickel alloys (fig. 3). The

alloying elements, at the first moment of interaction, are

distributed uniformly throughout the drop and then the atoms

are segregated alonF the ceramic - metal interface, form new

phases and then diffuse through the forming layer in the
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Table 2

Chemical Compatibility of Refractory lietals and Ueramic Ma-

terials /19/

V3 J Repalaua Mera.'t.1 1ey;IbTtTb1 I CULdTafttlff, e]IOlqM

A403 Mo lie pearslpyeT 1132-1740 rlu
My~a:,r M 1640 CB

Z,1SiO1595 r!
TiC \Mo I PearsipyeT 2315 l-

SiC Mo 2065 Pr1
ZrOt AM 61 lie pearmpyer 1600 rl'
MgO Mo 0 t80 rn
B4C Mo 'i Pearmpyer 510 rn
TaC Mo 0 2000 rP

H/ Ot M10 lie pearnpyeT 145 rH

SrZrO 4  N1o 1100-2010 ra

NdOs Mo V 1540 rH
.Mya. aN W 0 1640 CB

ZrOt W * 1600 ra

MgO W 0 1480 rln

BaC W I PearupyoT 1540 rl
TaC W 2000 rl
TiC W 1 1870 FH

H1 0 W (P He pearmpyer 1455 r

ZrSiO4 W 1650 ri

SrZrO& + MoSis W * 730 rIl

NdOs W 15/40 rn
pK 0eqane.q l- ropaqee npeccosanne, GBCB SUeCne atle tiIIUS.

1- Ceramics, 2- Metal, 3- Results, 4- Temperature of Test °0

5- Method of Production, 6- Does not react, 7- Reacts,

8- Note, 9- GP- ot Forge Pressing, 10- Sintering in vacuum
----- ---- ---- -- 1

aluminum oxide. In the final stage of interaction, grooves

arose along the edges of the drop which reconfirmed the inter-

action on the interfaces.

A-ray and fluorescence analysis of the zone of inter-

action permitted identification of phases which arise on the

interface: titanium oxide with non-stoichometric composition,
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Ur2 039 zirconium oxide. it was established that, in case of

formation of zirconium oxide, oxygen was taken away from the

A 1O 3 as manifested by the appearance of aluminum atoms in

nickel fusion. If you assume that, auring the presence of an

interaction reaction, the bond at the interface is strength-

ened then the elements are distributed in terms of effective-

ness as follows: zirconium, titanium, chromium.

rig. 2. Temperature Dependence of the Interaction Reaction
Between A1Iu., and Me

I0

/SI - Be + k. AlO, - BI O + Va At;

2 - Mg + 1/1 Al,O*- MttO+s.' Al;

-- 2 Ll + '/. AlSOs - Li4o +

17, 
ZiO +.*I. Al;

71 - %/s)' + s./ AlsO& - 'Is Y*Os +
II '/, Al;,

- I/ Hf + I/* AlsOs - '/, HrO, +

69 - , '/o At.
6 - "Zr + I. AlO. - 1/4 ZrO, +

7 - Ti + '/, AlOs - TiO + s Al;

8 - 1,1 Si-l8a AIO, -1/2 SiO,+'i* At:

9 -V+ 3 A,(). - VO + 1/. Al;
gg IZ !0 - I/* Ta + Is AIOo - 1/s T20:3 +

W. / A?;

1 - '/z Nb + 'I/, AlO& - 14 NI,1O+

12 - Mn + '/ AI,O, -MnO + 'I/ At'

2 .Z0 i J - '/. Cr + ',. A1.O, - V/. arO, +
I/, Al,

7 4Id - '/, Mo + '/. Al.- I/. MoOs +
11. Al;

Is -1/I W+I/ Alo- I/s WO+

i6 - ', Fe + '/a AlO, - '/, FeO& +
'/, AI;

-/ 19? Co + IAlOs - COO + r!, At;

I - Ni + /# A),O
. 

- NIO + 2/I At;

, . ___ . ____, 1 , 1 _ I 19 - 2 CU + '/, A1,O. - Cu O+'/* A

however, if the force of interaction is evaluated by shearing

strength along the c,ramic - metal interface, then these me-

tals are distributed in reverse order. This indicates that

intense interaction, while increasing the strength of the

bond, breaks down the ceramic backing.
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Fig. Diagram of the O6ise of Bonding Between metal and
bapphire Under the Effect of Alloying Additives in

m:etal /21/

1-Nickel drop, 2- Dissolved element, 3-Sapphire plate,

4- Uniform distribution of dissolved elements, 5- Segregat-

ion of dissolved element along interface, 6- Interaction with

the backing, 7- Formation of a new phase and diffusion

The effect of the opposed factors (increase of the bond

between the ceramic and the metal and reduction of the

strength of the ceramic as a result of interaction) is pre-

sented schematically in fig. 4. ThiF drav-ing indicates that

there exists some optimal intensity of interaction which en-

sures maximal strength of the bond. if the optimal intensity

of interaction is exceeded, failure of the tacking begins at

low levels of strength.

The studies conducted indicated the necessity of limit-

ing interaction to ensure minimum damage to the ceramic com-

ponent of the composition. in the first approach, active

alloying elements of the die have the same effect on ceramic

fiber as that which occurs in the case of use of tunc sten

wire in a copper - tungsten composition. Lvidently, in or-

to avoid this undesirable interaction, it is necessary, just

a. for metal - metal compositions, to conduct solid phase

reactions of bonding of components and to introduce into the

die ceramic fiber, precoated with metal. Thus, if the basic
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die alloy does not contain ailoying additives in this case,

then the accumulation of soluble atoms along the interface
will be iess which will reduce the intensity of interaction

between components in the process of forming a bond and af-

ter prolonged operation of the composition.
,"I .. *h w,, 1pz. ..--., .a \1-- - -o

Sig.4. Diagram of ±ceactions on the Interface of the flickel -

Sapphire Composition on the 6trenrth of the Composit-

ion /2/

a- reduction of strength of the backing; b- increase of the

strength of bonding; c- combined effect of these factors on

the strength of the bond

1- strength of sapphire, P- strength of bonding, 3- apparent

shear strength of the nickel - sapphire bonding, 4- adhesion,

cohesion (sapphire), 5- intensity of interaction on the inter-

phase

The literature still contains only the results of a few

studies of the interaction of metal dies and ceramic fibers

of borides, nitrides, carbides with boric and carbon fibers.

ompatibility of components based on metal - boron,

metal - silicon carbide, metal - Loron nitride. metal - bor-

on carbide and metal - silicon nitride A diagramn are

con idered in Rtudy /l/. Boric fiters which possess inter-

esting mechenical properties and which are promising fibers

for reinforcement attracted attention to the study of the
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interaction in boron - metal systems. The study of binary

metal - boron constitution diagrams led to the deduction con-

cerning the extremely high reaction capacity of boron, which

forms with metals many chemical compounds by virtue of which

production of thermodynamically stable metal - boron compo-

sites is extremely difficult. bystems in which interaction

is absent include uu - b, Ag - B and Au - i systems (fir. 5).
The very absence of interaction in these systemF Dermits the

recommendation of silver, in particular, as a barrier for

impeding the interaction in an Ni - B system. Most ideal is

the compatibility of components in a boron - silver system,

since, on the constitution diagram not only are bondings ab-

sent but there also is a place of immiscibility in the liquid

state. An Au - B system is similar to an Ag - B system and

therefore gold also may be used as a barrier layer. The Cu -

13 constitution diagram is eutectic and some researchers ob-

served in a Cu - boron fiber composition transition zones in

the copper die. Pxperiments showed /'0/ that, in V"e - boron

fiber, stainless steel - boron fiber, aluminum - boron fiber

compositions, even after soaking for one hour at 900°00, there

is formed,around the fiber, a 20 mk reaction zone consisting

mainly of torides of the metal. in the case of an aluminum-A

boron compopition, the reaction zone after interaction in a

vacuum consists of aluminum diboride (Al 2 ), dodecoboride

(AlBI,) and an aluminum layer, saturated i,.ith boron. In air,

the boron is oxidized and .b203 is formed. uoatingboron fiber

by silicon carbide greatly reduces the intensity of the inter-

action reaction.

The interaction reaction between titanium alloy TiaA]1-

MoIV and 'oron proceeds much more slowly than is the case

for aluminum (fig. 6). For comparison, the interaction be-

tween T16Al4v alloy and OiC is plotted in fiz. 6.
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Nickel interacts intensely with boron, forming several com-

pounds. The same such active interaction was observed in an

Ni - Cu - b system (part of this diagram for the u - Rib

section is presented in fig. 7. A die (70% Ni, 30% Cu),re-

inforced by boron fiber was heated up at a rate of 50 de-

grees per minute in order to Ftudy the reaction in this sys-

tem. A reaction with formation of nickel boride was observed

at 600-700° . Copper was given off from the die in the pro-

cess of thip reaction. The precence of copper in the react-

ion zone had a harmful effect Qn the strength of the compo-

sition because of the more intensive weakeninr of the fibers.

A study of the drop in strength of boron fibers, coated with

nickel and subjected to prolonged annealing ( 1 day) at diff-

erent temperatures up to 10000 C (fig. 8), showed that the a-

brupt weakening of the fibers (and, consequently, strong in-

teraction) appears between 400 and 600°C. Barrier coatings

of vi3Al, CoSi, Febi which are in relative equilibrium with

boron, are recommended for reducing interaction in metal -

boron systems. Developers of composite materials placed

great hopes on a metal - silicon carbide system since sili-

con carbide as a hardener (whiskers and fibers) is cheaper

than boron and more creep resistant than it. However, a

study of constitution diagrams of refractory metals - sili-

con - carbon showed that silicon carbide interacts active-

ly with titanium, zirconium, niobium, tantalum, molybdenum

and tungsten (fig. 9) /1/. It was showm also that, in many

molten metals (iron, copper, gold, palladium, platinum),

silicon carbide dissociates on free graphite and silicon

with subsecuent formation of silicides and carbides. Anal-

ysis of the constitution diagramr presented showed that

thermodynamic compatibility in metal - silicon carbide sys-

tems is impossible. As conrerns kinetic corpatibility, it

does take place in rome cases as, for e.ample: 7) the rate
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1- GTS type fiber; 2- IA type

of interaction in a titanium - silicon carbide system is in-

significant up to 13000C; 2) a nickel - silicon carbide sys-

tem is stable up to l00O; the cause of this is unclear:

this stability mey be explained by the presence of silicon

oxide being found on the silicon carbide surface or the

crystallographic orientation of the silicon carbide fibers

played a decisive role in this case.

According to other data, the interaction between nickel

and silicon carbide fibers begins to appear already after

prolonged Foakings (1 day) at 5000C, leading to a drop in the

strength of the fibers ,which drops almost to 0 even at 700-

8000C (fig. 10)/22/. There is practically no interaction of

aluminum with silicon carbide right up to the fusion point.

Interaction, determined by a drop in strength of the fibers,

coated by aluminum was observed only after prolonged soakings

at 7000 C /22/. During study of compatibility of silicon car-

bide with dies from nickel - chromium steels ane alloys,eireat

reaction capacity also was revealed: silicon carbide reacted

with the die with formation of Or 2C3 + C and Si compounds and,
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at high concentrations and more complex compounds: Ni 35i +

Nisbi, ternary compounds.

On the basis of results obtained, the conclusion is made

/1/ that it is extremely difficult for silicon carbide to take

up a die which is not interacting with it. Exceptions, evi-

dently, are complex alloys which contain carbides and sili-

cides of metals in their composition. Tihe structure of ter-

nary metal - N2 - B systems showed (fig. 11)/l/ that boric

nitride - a potential reinforcing material -- but only in

specific temperature regions k up to 1327 CO with tungsten,

in the 1227 - 17270 interval with chromium) located in equi-

librium with the metal. Borides of metals and nitrogen are

found in equilibrium with the metal in other temperature re-

gions. vickel reacts with boric nitride in the solid-phase

region and the reaction proceeds with liberation of gaseous

nitrogen : when the composite material was heated to a tem-

perature at which fusion occurred around the fibers , it was

possiblr to observe,after cooling, a large number of pores in

the zone around the fibers. Analysis of the Ti - C - B, No -

C - B and Ta - C - B constitution eiagrams kfig. 12) showed

/1/ that boric carbide is never found in ecuilibrium with

metal even in some limited temperature regions as in the case

of Loric nitride.

Thus, on the basis of examination of the data of the lit-

erature and experiments conducted, the assumption is made/l/

that not one of Lhe potential materials ( boron, silicon car-

bide, boric nitride, boric carbide) is thermodynamically sta-

ble in metal dies used in technology. interaction between

different ceramic fibers and metal dies were also studied in

detail in /14/.
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Interaction of l)boron fibers with an aluminum die;

2) silicon carbide fibers with aluminum and nickel dies;

3) A1203 fibers with a nickel die has been studied. In these

experiments, the fibers, as a rule, were kept for a specific

time in contact with the molten metal and then the congealed

composition underwent additonal heat treatment. The inter-

mediate layer between components of the composition was

Studied by means of preparing metalloF-raohic specimens of the

composition by light and electron micoscopy methods and micro-

x-ray diffraction. The zone of interaction reached 5 mk in a

boron fiber - aluminum composition after a 15 minute stay of

the boron fibers in the aluminum melt at 6800 C. Under these

same conditions, t"e zone of interaction in aluminum - sili-

con carbide compositions reached only 3 mk. The zone of in-

teraction was determined on the basis of electron microscopy

data and x-ray analysis (at a point) which fixes the change

of the elements kin this case ., Al, W - nucleus of boron

fibers and bi, C) along the cross section of the specimen.

xables 3 -5 contain basic results of studies of the in-

teraction between components of compositions.

The studies indicated:

1) the comparative inertness of oxidic ceramic (A1203)

during interaction with a metal die;

2) the greatest interaction with a metal die was seen

for silicon carbide; the depth of interaction increased to

10 times and even 100 times in comparision with that for

&Ap 3;

3) in some cases, whisker crystals, which have large

specific surface, were completely "dissolved" in the die;
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Table 3. Interaction Between Silicon Uarbide in Different

Forms and vickel Die

1- Material and primary source, 2- Die, 3- Temperature of the

cast form, 4- State of the composite, 5- Mepth of penetrat-

ion,mk, 6- maximum, 7- minimum, 8- average, 9- A massive bar

of silicon carbided- 3 mm, 10- 6iC uhiskers (d=?mk) Thermo-

kinetic jibers Ltd., 11-Sic fiber (d = 100 mk) United Air-

craft Corp., 12- 3iC fiber (d-0.5 mm) Slase Development Ltd.,

13- BiC fiber, d>0.28 mm, Fuller Rand, 14- Pure Nickel,

15- Nimokast, 16- Nickel, 17- After caFting, 18- Casting,

19- Annealing at 11000C, 50 hr. 20- After casting, annealing

at 11000u, 50 hr, 21- Hot pressure forging Whiskers fractured,

at 10000 C, 22- After casting, 23- Interaction throughout the

diameter of the fiber, 24 - the same

II or Frxeuas upounnfo-
Teuuei- I6n as-

MaTepulta u nepso- T An- CocMoAN" l
scoqanic ero 24 D2DA I o

°  
VoKOWAa PeaL4opum- umx lmn

MaccHnBHM'i cepmfeub qtimeni a- 20 flocae JnuTbH 1 t t
xap6na KpeMIIun, IeAb 800 InT'ue 80 40 60

3 I0 O 120 110 100

HMMOitaCT 20 1 1 t
713C 800 10 70 80

1200 a 200 100 140
20 OV.wr upn 40 10 151100° C, 50 %ae

ItMI|IIOaCT 20 locjne mun, oT- t 1
75 Xtur up HW00 C, 20 16 18

to 50 %ac
'Vc SiC (d = 2.rm) ,,imne.ia rop.'. npeccou- You, P4apmaneacb
aomua Thermokinetic Ewe upa 1000* C
Fibers LTD

1IIOHC! 20 2'%Iloeze =am.

a, 4 75
Boomfia SiC (d = 100 .) 1eNCTUl 3s- 20 a t -

KoMwaEIHiI United Airc- wab
caft Corporation if imomae 800 0 0 Baasuoeacrs ue no

75 80uxasaep
HNN o? 800 # To me

8if 713C
BonxiNa1 SiC (d-0,5 AA) Huuuwracv 200 0 0 40 20 80
.OwnLTu Slam Devolo 313 800 a t60 120 140mnt LTD P1

20 0 a 63 63 140

Bwox.a SIC axurpou Humou 80 o 9 160 130 140
4o6e, 0.28 A . mSu Umms 713 C
Fuller Rand
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Table 4

Interaction Between Silicon 1itride and Alloys Based on
Nickel

1 3 I rayomm., oi)oH ou RI AsWaTepouaaa enerur .,l c "i, l " " I"mI v It

SI ,I ,
FopqlenpeeCou1Jd)1J 110- I a11tOxaCT HO .ii1 MIrL, 4 0,7 2

ANJaIp11rkIa1recIPI CTOp- 75 OTo , 0 'ac lipu - 30
WKeflb Si3Nj , C 30

Is OTWI' 50 'ac up"f - - 50
ib N 11(w C
"i t 1 114oKaCT I(ocae Ji.rb, 6 1,6 4258 oTWmrV 50 -ac npu 40 23 32

+tc, S 3N if .1I00 C 7 m4
K.mmpti- ropotlee rtpeccoqa- 0,2 cusPpWEhb

CKicit nu1memb1 un11 0,3 nac upm

10000 C
r& opgaqee npeccoma- l~'To we

Hioe 50 .1ac UP11
1000, C

1- Material and its primary source, 2- Die, 3- State of the

composition, 4- Depth of penetration, mk, 5- maximum,

6- Einimum, 7- Average, 8- Hot pressure forged polycrystal-

line bar of 6i 3N4 , 9- Si3N4 whiskers, 10- aimokast, 11-Com-
mercial nickel, 12- After casting, annealing 20 hr at 110000,
13- Annealing 50 hr at 110000, 14- After casting, annealing

50 hr at 110000, 15- Hot pressure forging 0.3 hr at 100000,
16- hot pressure forging 50 hr at IO00°, 17- Whiskers were

not fractured, 18- the same

4) the intensity of interaction depended on the form of
the nickel die, the structure and degree of purity of the
ceramics.

Comparatively little is known about the interaction of
carbon fibers with metals which are promising for strain
hardening. rour kinds of interactions of carbon fiber and
metal are possible. They are 1) formation of carbides, P)oxi-
dation, 3) recrystallization; 4) formation of solid solutions.
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A detailed study of the interaction between carbon fibers

and different metals is presented in /22/. The study was con-
ducted as follows: graphite fibers ,produced by the "Rolls

Royce" firm and having an initial mean strength of 190 kg/mm2

and modulus of elasticity of 42,000 kg/mm2 , were coated with

material of the die being studied. An aluminum coat was

'applied by vacuum metal spray coating; nickel, cobalt, chrom-

ium, platinum and copper was applied to carbon fibers by the

electrolytic method. After application of the coatings, the

fibers were gathered into a bundle (r- 15 fibers) and annealed

in a vacuum (2-10 -mm mercury column) for different durations

(up to 200 hrs) and at different temperatures ( up to 11000Q).

Interaction occurring at the fiber - coating interface was

studied by several methods: metallographic analysis of trans-

verse metallographic specimens of fibers and composites with

graphite fibers, study of the surfaces of fibers in an elec-

tron scan microscope, an x-ray study of changes of the struc-

ture in carbon fibers and mechanical properties of the fibers.

Measurements of the strength of the fibers before and

after heat treatment were coneucted by determination of the

strength of the microcomposite: the graphite fibers bundles

were transformed, in a special assembly, into a thread of the

microcomposition conristing of grahite fibers and an expoxy

resin with known properties. From determination of the

strength of this microcomposite, we calculated the strength

of the components of its carbon fibers. The measurement of

the strength was the basic criterion of the course of inter-

action between the components. yigure 13 shows the change of

strength of graphite fibers not coated by metal. No marked

reduction of strength of the fibers was noted right up to

11000 C. Results of change of rtrength of aluminum coated

graphite fibers after a one-day soaking at different temper-

atures are shown in fig. 14. Prolonged soaking (one week)
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of aluminum coated fibers at 5000C did not cause reduction of

strength which makes it possible to assume the stability of

graphite fibers in aluminum dies and under loading during

prolonged operation in a temperature region up to 5000C.

Annealing aluminum coated graphite fibers for one day at

6000C led to formation of aluminum carbide (Al4C3 ) and reduct-

ion of strength. Tests above 7000C were not conducted since

the molten aluminum had a tendency to collect on the fibers

in drop form.

Table 5. Intcraction Between Alurinum Oxide (Different Forms)

and Dies on a ilickel Base /14/

1 3 J[faxraiya nflo k-
33

BeilI. Ix

CaUtph1iant crel,:cem. IIomoKacT 2.58 Illcn e .lfTbff 0TM1r 2 - 2
(1.,4KIaICNraIJIM) M 100 4ac. upa 1100' C
d - 1,5 a.st I-,,Mnl8,a111 tMO1 aCT 713C 1 o, 100 qac upw 3 1 2
Salford Eictricl Instlu- 1i001 Cment ITID X0

n]ornnifacT.Jraniec.nkI II1||1MOI(aCT 258 1O;ir 100 .aac npa 3 1 2
AlOs V1 11000 C
K OMII8IIJI IIISMoKaCT 75 if To ace 3 1 2

iMorgan Crucilil Co M '1hnoztacrT 713C - 3 1 2
CTep;weoii AIO. I1 t iMoiacT 713C 1 3 2 2
d = 0,25/0,75 .4t.
omiamnm Morganite Die-

search and i)evelopmeutiL
I M1)NoplICTRaJmaecKo- so- Hnmouacr 713C ItOTWI' " 100 ac 11pH 3 2 2

,jommo mi hiIMim Tyco I100° C
Laboratories LTD /( OTur 300 itac opm 5 3 3

1100, C
i 2000 OO ° ac npu 6 3 4

1- Material and its primary source, 2- Die, 3- State of uom-

posite, 4- Depth of penetration, mk, 5- Maximum, 6- Minimum,

7- Average, 8- bapphire bar (Pingle crystal) dml.5 mm, Sal-

ford Electrical Institute Ltd, 9- eolycrystalline A12 0,, Mor-

gan Crucible %o., 10- Al2 v3 bar, d-0.25/0.75 mm, torganite

Research cnd Development vompany, 11- Monocrystalline fiber
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Tyco Laboratories utd, 12- Nimokast, 13- After casting and

annealing 100 brs at 11000C, -14- Annealing 100 hrs at 110000,
15- the same, 16- Annealing 300 hrs at 11000C, 17 - Annealing
100 hrs at 12000C

Note. In all cases, the temperature of the foundry form was

8000U.

-----------------------------

Fig. 13. Change of itrength of uraphite Fibers After Anneal-
ing ior One Da-v at,?M oh Temperature /22/
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Figure 15 presents results of rEducing strength after

annealing nickel coated graphite fibers. The effect of the

duration of annealing at 10000C on the strength of the fib-

ers is shown in fig. 16.

Nickel coated graphite fibers are recrystallized as a

result of prolonged annealing ( one day at 11000 C or four

days at lO00oCSand their structure begins to resemble the

structure of natural graphite. in this case, the recrystal-

lization of graphite fibers was characterized by 1) the

appearance of additional lines on the roentgenogram; 2) by a

growth of grain size which is manifested through an increase

of the -efinition of the ghosts; 3) by a change in the de-

gree of orientation of crystals relative to the axis of the

fiber. Figure 16 shows the correlation between the drop of

strength of fibers and the recrystallization process. The

effect of the influence of nickel on recrystallization of

graphite fibers i- associated with the acceleration of dif-

fusion processes. The effect of recrystallizaion of graph-

ite fibers in the presence of nickel was further studied on

a graphite fiber - nickel die composition, produced by hot

pressure forging (T-9000G, 1 hour, vacuum, pressure of 1.4

kg/mm2 ) of nickel coated fibers.

Figure 17 shox..s changes of structure of this composit-

ion after annealings. This experiment revealed a good con-

formity between recrystallization of nickel coated fibers

and recrystallization of fibers in the composite.

Figure 18 Ehows the dependence of changes of strength

of cobalt coated graphite fibers after aifferent annealings.

The mechanism of effect of cobalt on reduction of strength

of ribers is the same &a that for nicekl: cobalt causes

61



64, x rlNZ

* 00 0

0 0
0NO oD' 0o 0' ! %o.0 0

\8 0
0

280 I 0 0 1

Fig. 15. Change of Strength of Nickel Coated Graphite Fibers

After Annealing ivor One Day at High Temperature /(2/
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Fig. le,. Change of Strength and Grain A3ize of Nickel Coated

uraphite r'ibers After Annealing .lor Different

Durations at 1000°C /22'/

recrystallization of the graphite which is characterized by

an increase of dimensions of the crystals in the fibers.

Figure 19 shows the interaction of the graphite fibers with

the nickel - chromium layer of the coating in the annealing

process. A drop in strength was observed even at 6000U and

was connected with the formation of chromium c-rbides (Cr3C)

i.e. the mechanism of deterioration of the strength of the
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fibers resembles the mechanism of interaction of aluminum and

graphite fibers. Graphite fibers coated with platinum and

copper, after annealing for a day at 800-o00ThCalso revealed

a drop in strength although no visible signs of interaction

between the metal and the grnhite yere observed.

As was shown above, upon contact of carbon fibers with

smelted aluminum at 600-7000., there occurs oxidation of the

fibers and formation of csrbides /2 vith an Al4C3 structure.

It was demonstrated experimentally /P7/, that a stay in srelt-

ed aluminum for five minutes durinr production of composit-

ions of carbon fibers led to a formation of carbides and re-

duction of the mechanical properties of the composition.

However, the stay of carbon fibers, coated with a special

metallic coating for improving the wetting, for several se-

conds in molten aluminum (68000) did not lead to a formation

of carbides, reducing the strength of the composition. The

activity itself of carbon in respect to metals reduces poten-

tial possibilities of metal - carbon fibers compositions.

However, with proper control of the interaction process, there

is a possibility of producing metal - carbon compositions by

a plasma method /24/. A study of the conditions of inter-

action during plasma deposition between graphite and refract-

ory metals (14o, Ti, Nb) indicated that a firm bond is formed

with the appearance of chemical interaction with formation

of carbides - -b C, 1NbC, TiC, Mo2C. The process of plasma

Oeposition of the die permits flexible regulation of the in-

tensity of interaction and, consenquently, regulation of the

quality of future compositions.

Since glass and quartz fibers possess great strength and

are used extensively in technology, the development of metal

compositions, reinforced by these fibers was extremely tempt-
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rig. 17. necrystallization of raphite Fibers in a ickel-

Graphite uomposition

a,b- After hot pressed forging; c,d -after annealing, 4 days,

lO00u; e,f- the same, 11000C /221

ing. During creation of these compositions it is necessary

to watch carefully that the interaction reaction between the

components along the surface of the interface did not lower

the initial strength of the fibers. In order to re6uce the

interaction reaction in the process of manufacturing aluminum-

quartz fiber cotmpo:itions, the quartz fiber ir precoated with

aluminum U/. Upon controlling the interaction reaction along

the interface or, more precisely, ensuring its uniformity,

it was possible to produce an Al - SiO2 fiber with strength

of 105 kg/mm".
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However, technological difficulties in the oroduction of

this composition and devitrification of the nuartz during

interaction with aluminum, causing a loss of strength, limi-

ted the possibilities of use of this composition.

Considering the interaction of components in composite

materials as a whole, we must emphasize that the technology.

of production of fibrous compositions largely determines the

intensity of passage of reactions on the interfaces.

An increase of the tempercture of deposition led to a

marked increase of interaction/3/. Coating tungsten fiber

with cobalt alloy L-605 (coating temperature is higher than

that in compositions witt a copper die) facilitated the dis-

solution and recrystallization of a significant part of the

fibers which led to a marked reduction of strength of the com-

position. A change of the technology of production of the

composition, for example, a change for a -iven composition

from a technology of deposition to a technology of cold

forge pressing and sintering /2/ leads to reduction of the

rate of diffusion and intensity of interaction. Other re-

searchers have used successfully sintering of components of

compositions in the solid .tate. Kratchli /13/ produced an

aluminum - stainless wire composition by hot forge pressing

at 5000U. The comparatively low forging temperature did

not cause significant interaction of the co:iponents of the

composition. The powaer metallurgy method was used for pro-

duction of a 'i - EA1 - 4V - molybdenum wire composition.

The low temperature of processing (9800C) ensured low

interaction on the fiber - die interface and, consequently,

significant strain hardeningof TH9 Ote.
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Fig. 18. Uhange of Strength of uobalt Uoated uraphite Fibers

After Annealing ror One Day at High Temperature /?"/
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Fig. 19. Qhange of Strength of Graphite Fibers, Coated by

Nickel - Chromium Alloy After Annealing For One

Day at nigh Temperature /2/

Substition of liquid-phase reactions for solid-phase

reactions during production of composites is the first means

of reducing technological interaction between the die and

the fibers. A second means of reducing the harmful effect

of interaction at the interface of compositions is the cre-

ation of diffusion barriers. These barriers have no signi-

ficant effect upon prolonged, service interaction but may

reduce technological interaction significantly. The appli-

of chromium coatings to tungsten fibers, even in case of

liquid-phase reactions, led to reduction of interaction be-
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SFig. 20. interaction Between Tungsten Wire and vimokast 713C

I00

• Alloy After Soaking 600 Hours at 1100°C /14/

S1. Lontent of elements, 2- Alloy, 3- v ire, 4- Reaction zone,
mk

I tween the fiber and the die in the process of producing the

composition. we reinforced stainless steel dies with tung-

sten wires coated by cobalt (18 *, by volume). This rein-

~forcement greatly increased the strength oC the die from 28
Sto 41 kg/mm e at the same time as the strength of the die af-

~ter reinforcement at the same fraction volume with tungsten
wire but without coating was increased only to 6 kg/mm2 . The

coating, reducing the brittleness of the peripheral parts of

the fibers, led to an increase of rtrength of the die, A

third means of reducing interaction intensity is directional

alloying of the metal die which makes the dies inert in re-

spect to the fiber material. There is a report that, in some

cases, during creation of nickel alloy - tungsten wire com-

positions, it was possible to so select the composition of

the djie that it possesses almost no technological or service

interaction with the fiber material. Thus, for example, fig-

ure 20 presents resultr of a study by the method of micro-

ray analysis of the interaction between Nicrome alloy and
tungsten wire /11J. It is seen that, even after hundreds of
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hours of soaking, the zone of interaction is several microns.

Interaction reactions on interfaces of composite materials

have significant effect on the properties of compositions

and require fixed attention. This interaction must be stud-

ied both on models and directly on different types of compo-

hite materials. The necessity for a study of interaction re-

actions directly on compo-ite materials is associated with

peculiarities of interfaces in fibrous compositions - defor-

mation of layers of the die 'ordering the fiber, development

of the fiber surface, specific struoture of the fiber etc.

Only futdamental studies of interaction will permit creation

of a reliable technology of production of compos ite materials

and prediction of potential possibilities of different compo-

sitions.
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